We present the design and procedures for implementing a parallel optical coherence tomography (POCT) imaging system that can be adapted to an endoscopic format. The POCT system consists of a single mode fiber (SMF) array with multiple reduced diameter ͑15 m͒ SMFs in the sample arm with 15 m center spacing between fibers. The size of the array determines the size of the transverse imaging field. Electronic scanning eliminates the need for mechanically scanning in the lateral direction. Experimental image data obtained with this system show the capability for parallel axial scan acquisition with lateral resolution comparable to mechanically scanned optical coherence tomography systems.
Introduction
Optical coherence tomography (OCT) is a coherent imaging technique that can acquire twodimensional subsurface images of tissue structure in highly scattering environments. OCT can produce high-resolution ͑ϳ10 m͒ cross-sectional images of a biological tissue sample with an imaging depth of 1-2 mm in highly scattering media [1] [2] [3] [4] . Due to these properties, OCT techniques show great promise for medical imaging applications.
Many of the existing OCT systems use fiber-optic interferometers. These systems currently collect object information through one single mode fiber (SMF). Mechanical scanning in the lateral direction increases the time to acquire an image. Steps have been made toward developing a parallel OCT system that reduces the acquisition time by having all A scans acquired at the same time, rather than sequential times. For many applications, sequential scanning is appropriate, but for high-speed operations, for instance, laser ablation, the most rapid mechanically scanning systems may be inadequate. Full field OCT systems can rapidly acquire images, but they are not appropriate for endoscopic use [5] . Conventional fiber image guides with multimode fibers that support a few modes have been used in special purpose OCT systems [6] . However, good image quality depends upon separating the fundamental mode from higher modes. As the fiber guide is bent, the power in the modes will change. Therefore, their use is limited to rigid endoscopic applications. Recently, we demonstrated a SMF array with 15 m diameter fibers for use as a proximity sensor [7] . This array provides high throughput and minimal cross talk between fibers.
In this paper, we describe the fiber packaging techniques for implementing a parallel OCT (POCT) system, and we evaluate its performance. This system was used to obtain images of both scattering and high reflectivity semiconductor samples.
Fiber Array and Probe Assembly

A. Single Mode Fiber Array
The fiber array used in the sample arm of the POCT system consisted of SMF-28 [8] fibers that had been etched to 15 m diameters using a standard buffed oxide etch (BOE) solution with a process described in previous papers [9, 10] . The etched section is 1 mm long, and the uniformity of the length and diameter is very good due to the stable nature of the BOE process [10, 11] . The reduced diameter fibers were mounted in a silicon trench groove with a depth of 13.5 m, as shown in Fig. 1(a) . The etched fiber tips have a 2 mm long linear tapered section providing a transition region between the etched and standard fiber diameter sections. Pressure was applied to the reduced diameter fiber ends to keep them aligned adjacent to each other. The fibers were cemented in place with an UV curable epoxy (Angstrom Bond OG134) with a refractive index of 1.435 that is lower than the core index of the fibers (1.4517) to help confine the field mode. The cured sample was then cut with a dicing saw (780, Kulicke & Soffa) and polished to provide a good optical surface. An eight-fiber array is shown in Fig. 1(b) .
The fiber array used in the demonstration POCT system has eight 15 m diameter fibers. Arrays with 15 fibers have also been fabricated. Neglecting Fresnel reflections, the measured transmission efficiency ͑ ϭ 100% ϫ P out ͞P in ͒ of each fiber is greater than 90%. Transmission data for the eight-channel array are shown in Table 1 . This result indicates that high optical quality of the reduced fiber section and the fiber end surface can be achieved with the fiber etching and end face preparation technique.
The cross talk from a signal fiber to the adjacent fibers is defined using the relation of P xt ͑dB͒ ϭ 10 log͑P adjacent ͞P signal ͒, where P adjacent and P signal is the output of the fiber immediately adjacent to the signal fiber, and the signal fiber, respectively. The measured cross talk between the signal and adjacent channels is less than Ϫ30 dB.
B. Assembled Probe Tip
A GRIN rod lens provides a compact imaging element that is useful in fiber endoscope systems [6] . A 1:1 imaging configuration was chosen to reduce aberrations and provide good signal collection efficiency with minimal overlap of adjacent beam profiles. A commercially available GRIN rod (Quantum Focus, Corning) with a 1.8 mm outside diameter was cut to a fractional pitch (FP) of ϳ0.48 at a wavelength of 1.31 m. The lens images the fiber core to a distance of ϳ250 m beyond the last surface of the endoscope in air. A BK7 glass cover with a thickness of 0.2 mm was used to protect and isolate the GRIN lens from the object environment. It was cemented to the GRIN lens with a UV curable epoxy (Norland NOA74) to minimize backreflections. The epoxy had a coating thickness of ϳ20 m and a refractive index of ϳ1.54 at a wavelength 1.31 m. The optical design for the assembled probe tip is shown in Fig. 2 . In addition, a 0.2 mm thick rigid stainless steel tube with a 2 mm outer diameter and a 1.8 mm inner diameter was used to house the assembled probe tip, and the configuration is shown in Fig. 3 . The image conjugates of the probe tip must be slightly greater than 1:1 because one end of the GRIN lens is glued to a BK7 glass cover. ZEMAX optical modeling software (Zemax Development Corporation, Washington) was used to characterize beam propagation through the tip optics. Gaussian beam trace options were used to characterize the beam waist in the image plane. It was assumed that the tissue had a refraction index of 1.35 at a wavelength of 1.31 m, and the beam waist at the input of the GRIN lens was 9.0 m, which is the mode field diameter (MFD) of the SMF-28. According to the simulation by ZEMAX, the paraxial magnification was Ϫ1.01, with a Strehl ratio of 0.95. In addition, the system created an aberration-free 9.1 m diameter beam waist and imaged the fiber core to a distance of 257 m beyond the outer edge of the BK7 coverslip. Analysis of the focal position and beam diameter for the fibers at the center and edge position of the eight-element fiber array indicated that they were nearly equal. The measured beam waist was ϳ8.2 m, and the resultant depth of focus was 240 m.
System Description and Imaging Characteristics
A. Fiber-Length Equalization
To obtain an interference pattern with the interferometer system, the path length difference between reference and sample arm must be less than the coherence length of the source. Since the time-domain POCT system described in this study consists of multiple fiber interferometers, each paired reference and sample fiber length was equalized to within the scanning range of the galvometer to provide overlap of the coherence region. For our system, the scanning range was 2 mm in air. Each fiber path length was equalized using the fiber interferometer shown in Fig. 4 .
Light from a superluminescent light emitting diode (SLD) with a center wavelength of 1.31 m and a spectral bandwidth of 40 nm was split between the reference and sample fibers by passing it through a 3 dB coupler (SMC-11350229U, FIS, Inc.). An array of 3 dB couplers was assembled into a junction box with standard FC-APC connectors so that each fiber could be quickly tested. Each fiber in the assembled endoscope was fusion spliced to a connectorized fiber end, forming an overall sample arm fiber length of ϳ1 m. In the reference arm, the light was collimated and reflected from a galvometer-mounted retroreflector. Focused light reflected from a stationary infrared mirror in the sample arm recombined with the reference arm light on the surface of the infrared detector. A translation stage in the reference arm allowed for adjustment of the path length difference for distances Fig. 4 . Schematic of fiber-length equalization interferometer. Light from a SLD is split between the reference and sample fibers by passing it through a 3 dB coupler. The probe end illuminates an IR mirror, and the reference end illuminates a glavo mirror. The return signal from the paired sample and reference arm is coupled into an output fiber that transfers the combined interference signal to an IR detector. 
To accomplish length equalization, a fiber in the reference arm with the shortest path length difference was picked as the reference position for the other fibers. A LABVIEW program controlled the measurement process of the path length difference. The amplitude of the interference pattern was recorded as a function of the position of the reference mirror and computed the difference in path lengths of the arms of the interferometer. The fibers in the reference arms were cleaved precisely so that the difference among the fringe positions was no more than the scanning range of galvometer. The remaining position difference was calibrated and compensated by the software. This equalization technique was first proposed in [10] . The path length difference achieved between all paired channels was less than 1.3 mm in air.
B. Image Acquisition Figure 5 shows the schematic for the POCT system. The sample arm of the POCT consists of the assembled fiber array GRIN lens cover glass endoscope. The transverse sampling of the system is determined by the fiber-to-fiber spacing (15 m in this configuration). Since the assembled probe is in a ϳ1:1 imaging system, the transverse resolution of the system is also ϳ9.1 m. The axial resolution of the system was calculated to be ϳ19 m, assuming a Gaussian spectral distribution and using the formula [3] 
where ⌬ is the full width at half maximum (FWHM) measured in wavelength units, and is the center wavelength of the source. The measured axial resolution was 21 m.
The equalized reference arm fibers were placed in a commercially available silicon based 16-fiber V-groove substrate (VGC-16-250, OZ Optics, Ltd.) with center-to-center spacing of 250 m. The optical elements in the reference arm were designed to minimize sensitivity to the lateral fiber position and maximize the power coupled back into the fiber from the galvo mirror. In addition, the fiber lengths between the 1 ϫ 10 splitter and 3 dB coupler array had different lengths ͑⌬l͒ to avoid coherent interference effects between channels. The variations ⌬l were made greater than the coherence length of the source to prevent interference. For practical considerations the variation in the fiber length between channels in our system was 1 cm (much larger than required). However, each reference and signal fiber length was matched within the scanning range of the galvonometer. The actual variation between fiber channels in our system was 1 cm and the difference between the shortest and longest channel was ϳ8 cm.
The detector array consisted of eight IR detectors. The interference signal of each paired sample and reference fiber was detected by its corresponding IR detector. After amplification and filtering, each detector signal was demodulated using a lock-in amplifier (SR810, Stanford Research Systems, Sunnyvale, California). Because of the limited availability of lock-in amplifiers, signal data was acquired from successive elements with one lock-in amplifier and then assembled to form an image. LABVIEW software was used for data acquisition and controlling the galvanometer. An image processing algorithm was used to reconstruct the image from the measured data. This proof-of-principle process can be used for stationary objects. In the subsequent images, the dynamic range Fig. 5 . Parallel OCT system setup. Light from a SLD is coupled into a parallel fiber array by a 3 dB coupler box. The probe end illuminates a target sample, and the reference end illuminates a glavo mirror. The return signal from the paired sample and reference arm is coupled into an output fiber that transfers the combined interference signal to an IR detector. of the POCT signal has been compressed with a logarithmic operation and the depth was scaled by the average index of the sample of refraction. All images are 120 m (8 fibers ϫ 15 m fiber separation) in width. Images were acquired at a reference arm scan rate of 14 Hz. According to the method of Tumlinson et al. [12] , system dynamic range was measured to be 66 dB. Figure 6 shows the POCT image of the central portion of a contact lens. Two bright boundaries correspond to the air-lens and lens-air interfaces of the contact lens. The scan depth was 1 mm deep, and 1000 points per depth scan were obtained. Since the index of refraction of the contact lens was unknown, the figure has not been scaled by its index. The resultant depth in Fig. 6 gives the measured optical depth of the contact lens at ϳ300 m. Figure 7 (a) shows a cross section diagram of a silicon wafer with a small depression, which was measured at ϳ50 m wide and ϳ70 m deep by a profilometer. Figure 7(b) is the POCT image of the depression in the wafer. 750 points were acquired with each point corresponding to a depth of 1 m. Channels 3, 6, and 7 appear dim because of the angled nature of the target in that region. Some or all of the specular reflection from these sloped regions fell outside the range of the numerical aperture (NA) of the endoscope optics so only the small amount of diffuse light is measured. The depth of the depression was measured to be ϳ75 m and the width ϳ45 m in agreement with the independently measured trench parameters. Figure 8 is an image of tangerine (Citrus reticulata) flesh. The scan depth was 2 mm, and 1000 points per depth scan were obtained. The figure has been scaled assuming an average index of refraction of 1.34. The juice vacuole is surrounded by a thin membrane. The membrane outline is seen as high reflectivity structures in the POCT images. Approximately 80-200 m diameter vacuoles are visible and appear as dark regions in the POCT image. Figures  6 -8 demonstrate the capability of the POCT system to image the depth, width, and͞or thickness of targets without the lateral scanning of the sample arm.
Conclusions
The system design and experimental results of a POCT system that is capable of acquiring an image without the need for mechanical scanning in the lateral dimension was demonstrated. The probe tip consists of a linear fiber array with 15 m diameter SMFs and an imaging GRIN rod lens with the fractional pitch of 0.48 and 1:1 magnification. When packaged the probe tip can fit in an assembled endoscope with a diameter that is less than 2 mm and provides a system transverse image resolution of 15 m at a wavelength of 1.31 m. The advantages of this system are the very robust and potentially inexpensive probe, since there are no moving parts in the sample arm. The system is capable of very rapid image acquisition since all A scans of the image are acquired simultaneously. The disadvantages of the demonstrated system are the relatively small lateral range and the relatively small number of A scans per millimeter of lateral range. The former restriction is typical in forwardlooking probes, where the field of view is limited to less than the probe diameter for a rectangular image field, and the latter limit is typical of systems that use image bundles. For example, in our case 15 m is the smallest center-to-center fiber bundle spacing that could be used and maintain single mode operation with negligible cross talk. Given these characteristics, the developed system is best used in situations where imaging speed is valued over image size and lateral resolution. It would be ideal for high-speed metrology applications, for instance, measuring layer thicknesses, or in imageguided interventions, for instance, monitoring the depth of a laser ablation crater or determining the distance to critical structures during laser or conventional surgery.
Arrays with up to 15 fibers have been fabricated in this study. However future work will involve expanding the number of fibers to 100, which will provide a larger transverse imaging field. By careful arrangement of the nonetched and tapered portion of the fibers, the width of a 100-fiber array will be less than 2 mm in diameter and suitable for use in standard diameter endoscope system. The variation ⌬l has to be made greater than the coherence length of the source between each channel. For the larger fiber array the variation between fiber lengths can be reduced to five to ten times the coherence length to minimize the overall fiber length difference in the system. A single source with the same power as the current system would not be useful in a 100-channel system. New sources with higher output power and lower cost are being constantly developed. A few high power sources would be expected to be utilized in the final 100-channel system. We have recently developed an array of complementary metal-oxide semiconductor (CMOS) photoreceiver and demodulation circuits [13] that can be scaled to 100 channels. In addition, integrated 3 dB couplers in an ionexchanged technique [14, 15] have been designed for the 100-channel POCT system. These developments will enable a compact POCT system with integrated electronic scanning capability.
A LABVIEW program was used to facilitate length equalization of the paired sample and reference fibers. In future implementations, the POCT system can be modified by using a Fourier domain setup with a higher digitization bit count and a stationary reference and either a narrowband swept source or a broadband light source. Frequency domain OCT provides a signal-to-noise (SNR) advantage over the traditional time domain method we implemented in the POCT system, and also no moving parts required in the reference arm would lower system complexity [12, 16] . Because the reference arm does not need to translate, an endoscopic common-path approach could be implemented [12] and the necessity for a separate reference arm, requiring individual matching of fiber lengths, could be eliminated. A useful Fourier domain setup of a 100-channel system will require the use of a detector array with approximately 100 ϫ 2048 elements in order to image to a depth of 2 mm. Such a detector, with high speed and dynamic range, poses a technological challenge. A likelier Fourier domain arrangement is the utilization of a high power swept source, so that the detection subsystem is simplified to 100 detectors. The challenge then becomes high-speed signal acquisition and digital signal processing, for which the technology is much more mature. The demonstrated and proposed advancements will enable the realization of a simple endoscopic OCT system with no mechanical scanning to facilitate clinical use.
